by immersion in warm water between 40 and 42°C over 30 to 45 min. 6 Once the tissue has been adequately rewarmed, then further management can be taken. After the initial rewarming stage, the further management of the involved tissue has come up for debate in recent years, with many different treatment options available. The use of tissue plasminogen activator (tPA) has become a promising option after several studies have shown that infusion of tPA can result in fewer digit amputations and is a safe treatment option. [9] [10] [11] [12] Ibuprofen has also been a proposed treatment option to reduce vasoconstriction and decrease further tissue damage. Although no studies have demonstrated a clear benefit from ibuprofen, the Wilderness Medical Society Practice Guidelines for frostbite recommend its use in the field if available. 7 
Imaging
One of the major challenges of frostbite management is determining the extent of tissue injury and maintaining as much extremity length as possible. Regardless of the initial treatment options, amputation is still frequently required in the definitive treatment of frostbite due to deep tissue necrosis that is unsalvageable. Generally, this is done months after the initial injury to allow for full identification of necrotic tissue. Recently, however, imaging of the injured tissue has become increasingly popular to guide early surgical treatment without the need to wait for the tissues to demarcate.
Multiple imaging modalities have the potential to identify the extent of frostbite in attempts to guide early surgical intervention. One such modality is early use of the routine nuclear multiphase bone scan. Bone scans have long been used for a wide range of bone pathology. 13 The mechanism of bone scans involve the injection of radiotracer (technetium-99m) into the patient and evaluation based on the principle that areas of highest blood flow and bone formation will have a disproportionately high uptake of the radiotracer relative to surrounding tissues. 13 Although the exact mechanisms of radiotracer uptake are not completely understood, the radiotracer uptake is known to be increased in bone pathology, such as metastatic disease, and decreased in necrotic bone. Regarding frostbite management, recent studies have utilized the findings seen on initial bone scanning to guide early debridement and flap coverage.
14 Decreased radiotracer uptake can dictate unsalvageable deep tissue that requires amputation. Routine bone scans, however, lack anatomic specificity making it difficult to identify the exact level at which to perform the amputation. 14, 15 Magnetic resonance angiography (MRA) has also been used for evaluation of necrotic tissue early in the clinical course to guide surgical management. 16 MRA is used to distinguish blood vessels from the surrounding tissue using a variety of mechanisms, generally related either to detected flow through the vessels or injected contrast. 17 The images created can accurately detail blood flow, as well as identify areas where flow has ceased. MRA can be used in patients with frostbite to identify patent blood vessels vs vasculature destroyed by frostbite in the injured tissue to determine what areas have no deep blood flow and to identify the level of required amputation. 16 Single-photon emission computed tomography (SPECT) fused with conventional CT, however, has not been previously evaluated for use in frostbite management. Nuclear bone scans are obtained in a mode which is similar to CT in that data is acquired and then later processed in multiple projections, called SPECT. SPECT/CT then carries this one step further and allows for conventional CT images to be obtained at the same time. These images are then fused to demonstrate both the functional and anatomic information on the same image. Areas of bone pathology can then be identified by increased or decreased radiotracer uptake. SPECT/CT is unique in that it allows for increased anatomic specificity of the level of tracer uptake by comparing it to surrounding structures. 18 In addition, SPECT/CT allows for enhanced identification of areas of decreased signal, which, in the case of frostbite injury, identifies areas of frostbite-induced necrosis as decreased concentration of radiotracer signal. 18 Bone scans are an established method of frostbite evaluation, and given SPECT/CT's similarity to a bone scan, SPECT/CT would also appear to be an appropriate evaluation for frostbite management, with the additional benefit of increased anatomic precision. In this article, we report seven patients who underwent SPECT/CT imaging for evaluation of deep tissue/bone necrosis as a means of identifying digits that required amputation without waiting for months to determine the extent of necrosis clinically.
METHODS
We retrospectively looked at seven patients with 19 extremities who received SPECT/CT imaging for evaluation of frostbite of the hands and/ or feet (Table 1 ). All patients followed our frostbite algorithm ( Figure 1 ). All seven patients had documented frostbite and had undergone the appropriate immediate treatment of their wounds. For each patient, SPECT/CT was performed of the involved area to assess the extent of deep tissue necrosis and evaluate possible need for amputation. If no radiotracer uptake was noted on the scan, then the bone was deemed necrotic and unsalvageable. These patients were then taken to the operating room for a staged procedure to maximize limb length. The first stage operation is a guillotine amputation at the site of distal radiotracer uptake with conservative debridement of more proximal soft tissue followed by wound vac placement. Subsequently conservative debridements are performed until soft tissue demarcation is achieved. The final operation includes coverage of the distal aspect of the residual limb.
RESULTS
In all seven of the seven patients, amputations of the digits were performed at the levels where radiotracer uptake ceased. Our analysis included four patients with upper extremity involvement of their frostbite (Figures 2-4) . One of these patients was eligible for tPA and received two rounds of tPA and nitroglycerin treatment. Subsequently she had amputation at the site of where radiotracer uptake ended ( Figure 2 ). We additionally had one patient who was initially treated with one round of tPA immediately on presentation. He subsequently underwent amputation of nine fingers due to deep tissue necrosis as identified by the absence of radiotracer uptake. Another patient had obvious absence of radiotracer uptake distal to the extent of superficial tissue loss in her index and middle finger. For this patient, we staged the digit with integra and subsequently performed a full thickness skin graft to her index finger and reverse dorsal metacarpal artery flap to cover the middle finger (Figure 3) . The final upper extremity patient was not eligible for tPA due to a cranial bleed. He did not have his amputation until 3 weeks after his admission due to refusal for an operation and subsequently underwent amputation at the site of radiotracer uptake (Figure 4) . In addition to hand frostbite, we also treated six severe foot frostbite patients with varying degrees of superficial damage (Figures 5-8) . All of these patients also had early directed amputation. None of the patients had viable tissue proximal to the most distal extent of bone perfusion noted on SPECT/CT. For all patients involved, debridement of necrotic soft tissue was also performed at the time of amputation (Figures 5 and 6 ). In both of these cases, we were able to cover the most distal aspect of the residual limb with skin grafts. All of the patients had multiple debridements of the soft tissue to ensure maximal length preservation. We were able to perform limb salvage of several of these patients that we might have otherwise performed a more proximal amputation given the level of superficial necrosis if examining by SPY and clinical exam only ( Figure 6 ). In total, we had one minor complication of 1 × 1 cm area of delayed healing on the foot, and zero major complications. Once the patient is several weeks out from their injury, however, SPECT/CT is less helpful and predictive as the superficial tissue has already 8) . Also of note, we did use intraoperative SPY imaging in one patient and the skin necrosis demonstrated a much more proximal extent of injury than the SPECT/CT.
DISCUSSION
The old saying was "Frostbite in January, amputate in July," owing to the significant amount of time required for the full extent of tissue necrosis to be revealed for amputation. 19 However, with recent advances in imaging modalities, it has become possible to evaluate the extent of necrotic deep tissue for amputation without needing to wait, helping patients avoid the risk of secondary infection or other complications. One recently described option is the multiphase 99m Tc-MDP bone scan to evaluate the extent of frostbite injury and eventual need for amputation. It has been demonstrated that decreased radiotracer uptake is highly correlated with eventual need for amputation of the digits with frostbite, compared with those digits with frostbite that had normal tracer uptake. 20, 21 However, bone scans alone are nonexact and do not offer as much information about the precise level amputation that should be performed. Even when radiotracers are placed on the joints, it is difficult to assess the exact site of tissue necrosis and therefore determine the level at which to perform the amputation. , and SPECT/ CT of digits 2-5 (H) of the hand of a patient with frostbite who had four digits that were able to be preserved due to SPECT/CT findings. The index finger was treated with integra followed by full thickness graft, and the middle finger was treated with integra followed by reverse dorsal metacarpal artery flap (D, E). Photograph E was taken 23 days postoperatively from the final surgery. Both index and middle finger had flexor digitorum superficialis insertion preservation. SPECT, singlephoton emission computed tomography. MRA is another modality that has also been described as a means of evaluating perfusion in digits with frostbite with the goal of identifying unsalvageable digits. 16, 22 Barker et al 22 argue that MRA is superior to 99m Tc-MDP bone scans because it allows for direct visualization of vessels and a more obvious line of demarcation between viable and nonviable tissue. However, this must be further evaluated for a definitive comparison. MRA may also be useful for detailing the efficacy of tPA administration and what tissues would continue to need amputation vs which ones had been salvaged. 12 SPECT/CT is an imaging modality that has not previously been described as an option for the evaluation of frostbite extent and the ability of tissue to be salvaged. SPECT/CT is a combination of a 99m Tc-MDP bone scan and a CT scan for improved anatomic localization of the radiotracer uptake. 23 We think that this imaging modality allows for improved localization of deep tissue necrosis in frostbite patients and allows for more rapid amputation of unsalvageable digits without compromising digits that will heal. SPECT/CT is able to provide clinically and surgically relevant information that is above that provided by a conventional bone scan alone. Given the lack of revision amputations required in the seven patients studied, it appears that SPECT/CT is an effective means of rapidly identifying digits requiring amputation in frostbite injuries and should be considered as a possible assessment tool. More controlled prospective studies are needed to validate this modality as a replacement for currently used imaging modalities.
CONCLUSION
SPECT/CT allows for fusion of the anatomic and nuclear images and appears to be a superior alternative routine bone scan for the initial evaluation of frostbite and identification of viable deep tissue. With identification of necrotic digits and extremities via SPECT/CT, amputation can be undertaken earlier in the clinical course of frostbite, reducing the time of exposure and risks of infection and other complications. , and x-ray (C) of the right foot in the same patient. Due to the level of necrosis, a below-knee amputation was required. SPECT/CT was unrevealing because enough time had elapsed for the superficial necrosis to demarcate to the level of deep necrosis. SPECT, single-photon emission computed tomography.
